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A B S T R A C T   

Graphene-based materials were synthesized by electrochemical exfoliation method (cathodic method) starting 
from a graphite sheet. In the established methodology, an initial immersion in H2SO4 was applied, followed by 
cathodic expansion in potassium sulphate, where the effect of the applied voltage was studied. Finally, by ul
trasound treatment, the exfoliation was achieved to produce a dispersion of few layer graphene material. Once 
the optimum procedure was established, Pt nanoparticles were incorporated using H2PtCl6.6H2O. This incor
poration was studied at each stage of the graphene-based material synthesis to determine which was the most 
adequate to obtain the highest Pt dispersion and the best distribution of the Pt nanoparticles. In this sense, the 
incorporation of Pt in the graphene-based material colloidal dispersion by stirring for 3 h and sonication for 1 h, 
results in Pt nanoparticles with an average size of around 1 nm with an excellent distribution in the carbon 
material. The performance of this catalyst was compared with the commercial Pt/C electrocatalyst, showing a 
great oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) activity, exceeding it by far when 
comparing the mass-specific activity (A gPt

− 1) In addition, it presents excellent stability and selectivity toward the 
4-electron pathway in ORR, which is the most energy-efficient, and using half of the platinum loading compared 
to the commercial material.   

1. Introduction 

One of the greatest challenges of this century is to obtain energy from 
renewable resources due to the rapid growth in global energy con
sumption and the pollution and limited resources related to the use of 
fossil fuels [1–3]. Hydrogen is one of the most abundant elements on 
Earth and is considered one of the most promising fuels of the future to 
be used as a renewable and clean energy source, but it is not found in its 
pure state in the environment, so its production is of vital importance in 
global energy development [4–6]. The need to replace combustion en
gines has led to the development of promising new technologies like fuel 
cells that require the use of electrocatalytic materials and in which 
carbon nanomaterials play an essential role [3]. 

Graphene -based materials has grown so quickly due to their char
acteristics, since the experimentally measured properties have exceeded 
those obtained by any other material, and some have reached the 
theoretically predicted limits [7–14]. The development of scalable 
methods to produce large, processable amounts of high-quality gra
phene-based materials is essential to bridge the gap between laboratory 

studies and commercial applications [15]. However, more than a decade 
of research in graphene production has taught us that no single method 
can produce graphene in the expected quantity and quality, and there
fore it is necessary to use different methods [8]. 

Different preparation procedures are detailed in the literature, but 
most cannot produce single-layer graphene sheets, and generally toxic 
waste is generated [16]. These techniques are also time consuming and 
sometimes involve high temperature operations [17–20]. 

The production of graphene-based materials by electrochemical 
exfoliation of graphite is a simple, cost-effective and environmentally 
friendly method for the large-scale production of high-quality graphene- 
based materials [7,21–27]; the method takes advantage of the electrical 
conductivity of graphite and consists of applying a potential difference 
between a graphite anode and/or cathode in the presence of an elec
trolyte to produce electrochemical intercalation or insertion of ions 
between the graphene sheets, increasing the interlayer space and facil
itating delamination to obtain graphene [17,23,25]. The advantages of 
the cathodic exfoliation method include the absence of strong oxidizing 
conditions, thus minimizing the generation of structural defects and a 
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large amount of oxygen functional groups [15,26–30]. 
Otherwise, fuel cells powered by hydrogen from secure and renew

able sources are the ideal solution for non-polluting vehicles [31]. The 
oxygen reduction reaction (ORR) is a fundamental process in electro
chemistry and its slow kinetics is undoubtedly one of the main draw
backs for the large-scale commercialization of fuel cell technology 
[32–34]. 

Moreover, the hydrogen evolution reaction (HER) is of both funda
mental and practical interest in the generation of green hydrogen in the 
electrolyzers. In recent decades, HER has attracted even more attention 
due to the increasing demand for renewable energy and the possibility of 
obtaining green energy from these renewable resources [35]. It is well 
known that Pt-based electrocatalysts have excellent HER performance 
with an overpotential close to zero [35]. The free energy of adsorption of 
H on Pt is close to the thermoneutral state (ΔGH*≈0) [35–39]. This is the 
reason why Pt is considered the best HER electrocatalyst [35,37]. Noble 
metals have the best catalytic behavior towards HER; however, it is 
mandatory to reduce costs due to the high price of noble metals. A 
promising alternative is to use them in smaller quantities and increase 
their surface area so that their electrocatalytic behavior is not affected. 

Graphene layers are chemically inert because the sp2 carbon atoms in 
the basal plane have a uniform charge distribution and there are no 
efficient charge transfer points; this makes that bending of the graphene 
layer alters the charge distribution and results in enhanced electro
chemical activity [35,40,41]. The development of composite materials 
that include graphene-based materials as support and metal nano
particles with high activity can result in ideal candidates for their use as 
electrocatalysts in HER and ORR [23,40,42–45]. 

The synthesis of graphene-based materials by electrochemical exfo
liation and the subsequent incorporation of metallic nanoparticles has 
been previously studied [23]; nevertheless, the graphene material ob
tained, by this method and other methods frequently used, has a high 
degree of oxidation, which negatively affects the electrical conductivity 
and consequently its electrocatalytic behavior [46,47]. On the other 
hand, the incorporation of Pt nanoparticles can be achieved, with a good 
particle distribution, although the particle size is close to 10 nm [23]. It 
is important to optimize the preparation method to reach smaller 
nanoparticle sizes, that permit to have high catalytic activity without the 
need of adding large amounts of Pt. Other studies have examined the 
performance of graphene-based electrocatalysts containing metal 
nanoparticles towards HER with excellent results; however, the catalytic 
activity does not surpass the commercial material Pt/C with a high Pt 
loading [36,48]. 

In this study, we propose the use of a high-quality graphene-based 
material synthesized by electrochemical method, through cathodic 
expansion, generating a few layers graphene material with a very low 
degree of oxidation, thus avoiding additional reduction steps, for its use 
as support of Pt nanoparticles. The Pt nanoparticles have been incor
porated by a simple and straightforward method of stirring for 3 h and 
successive sonication for 1 h. The electrocatalyst obtained consists of 1 
nm size Pt nanoparticles well distributed in the graphene-based material 
with an excellent catalytic activity to ORR and HER compared with a 
commercial Pt/C catalyst. In addition, the electrocatalyst has an 
outstanding resistance to CO poisoning, which represents an interesting 
alternative to commercial material. 

2. Experimental 

2.1. Materials and reagents 

Materials and reagents used were Graphite flexible foil (Papyex 
1980, obtained from Mersen), sulfuric acid (H2SO4) (PanReac Appli
Chem, 95–98%), potassium sulphate (K2SO4) (Sigma Aldrich, for anal
ysis), potassium hydroxide (KOH) (VWR Chemicals, 85%), ethanol 
(C2H5OH) (Alfa Aesar, 99.5%), 2-propanol (CH3)2CHOH) (Sigma 
Aldrich, for analysis), Nafion® 5% w/w (Sigma Aldrich), 20 wt% Pt/C 

(Sigma-Aldrich, 98%), hexachloroplatinic acid hexahydrate 
(H2PtCl6.6H2O) (Sigma Aldrich) and sodium borohydride (NaBH4) 
(Sigma Aldrich, 98%). All solutions were prepared using ultrapure water 
(18 MΩ cm, Millipore® Milli-Q® water). N2 (99.999%), O2 (99.995%) 
and H2 (99.999%) were provided by Carburos Metálicos. 

2.2. Synthesis procedure 

2.2.1. Synthesis of graphene-based material by electrochemical exfoliation 
Fig. 1 shows a scheme of the experimental procedure used for the 

preparation of graphene-based materials. The synthesis of graphene- 
based material was performed by cathodic expansion of a graphite foil 
with dimensions of 55 × 30 × 0.5 mm, after an initial immersion in 50 
ml H2SO4 (95–98%) [49], leaving an area of the sheets without im
mersion for easy handling and electrical connection (step 1 in Fig. 1). 
The immersion time was between 0 and 72 h at room temperature. The 
graphite sheet obtained from the immersion was washed with plenty of 
ultrapure water to remove excess of H2SO4. Then, the obtained material 
was subjected to an electrochemical expansion step during 1 h, and two 
voltages (i.e., 10 and 15 V) were studied (step 2 in Fig. 1). For the 
electrochemical expansion, a two-electrode system was employed in 
which the graphite sheet was used as cathode and a platinized titanium 
mesh as anode placed parallel to the graphite sample at a distance of 
about 2 cm. 100 ml of 0.1 M K2SO4 solution was used as electrolyte 
(Fig. 1). After the electrochemical treatment, the expanded graphite 
sheet obtained and the pieces detached in the electrolyte were washed 
and filtered with abundant ultrapure water. Then, these materials were 
dispersed in a 100 ml ultrapure water-isopropanol (80/20) solution and 
subjected to a sonication step (step 3 in Fig. 1). The sonication stage was 
performed during 30 min with a sonicator using 50% of the power of the 
equipment (Q125 sonicator, obtained from Qsonica, Power: 125 Watts. 
Frequency: 20 kHz, Probe of 3 mm). The obtained dispersion was 
centrifuged at 4000 rpm for 10 min. From this process, the precipitated 
solid was taken which was dispersed again in 100 ml of ultrapure 
water/isopropanol (80/20). The sonication and centrifugation processes 
were repeated in some samples as indicated in Table 1 under the same 
conditions. Finally, a new sonication step was carried out under the 
same conditions, and the dispersion was subjected to the centrifugation 
step at 1300 rpm for 10 min, where the supernatant was taken this time 
to finally obtain the dispersed graphene material (step 4 in Fig. 1). 
Table 1 shows the conditions used for the synthesis of the different 
graphene-based materials and the nomenclature for the samples (Gr-X). 

2.2.2. Incorporation of Pt nanoparticles 
The incorporation of Pt nanoparticles has been performed on 

selected graphene-based material dispersions using H2PtCl6.6H2O as Pt 
precursor. The precursor of platinum has been incorporated at different 
steps of the preparation process to identify in which step a better 
incorporation occurs: i) in the initial immersion with H2SO4(c) (denoted 
as Gr-X/Pt–I), ii) in the electrolyte used in the electrochemical cathodic 
expansion (denoted as Gr-X/Pt-E) and iii) in the obtained dispersions of 
graphene-based material; in this case, the incorporation was performed 
by stirring for 3 h followed by a bath sonication stage for 1 h. In this last 
case, the addition of NaBH4 has also been studied (denoted as Gr-X/ 
Pt–S-R in presence of NaBH4 and Gr-X/Pt–S without NaBH4). In addi
tion, the effect of the sonication step was studied and a sample without 
the addition of reducing agent and without sonication has been studied 
(denoted as Gr-X/Pt-S-NS). When the addition of NaBH4 was made, this 
was done by adding 100 μl of NaBH4 with a concentration of 1.5 M and 
after 45 min in 10 mL of graphene-based dispersion, the system was 
sonicated in a bath for 2 min and then centrifugated at 5000 rpm. After 
that, the supernatant was taken and redispersed in 50 ml of water/iso
propanol 80/20 solution. For the calculations of the volume of the 
H2PtCl6.6H2O solution to be incorporated to obtain a final 10 wt% of 
platinum in the graphene material, the concentration of graphene ma
terial obtained from the synthesis method at conditions that produce the 
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maximum concentration was considered. In all catalysts, the platinum to 
be incorporated was added from a 3 mM H2PtCl6.6H2O solution. In the 
case of the Gr-X/Pt-E catalyst preparation, the mixture was prepared to 
reach 100 ml of dispersion, while in the Gr-X/Pt–I, Gr-X/Pt–S and Gr-X/ 
Pt–S-R catalysts, it was added to obtain 50 ml dispersion. 

2.3. Physicochemical characterization techniques 

The morphology of the samples was analyzed by Transmission 
Electron Microscopy (TEM) using a JEOL (JEM-2010) transmission 
electron microscope operating at 200 kV with a spatial resolution of 
0.24 nm with an EDS detector with INCA Energy TEM platform for 
chemical analysis of element. Average nanoparticle size and particle size 
distribution were obtained after measuring ~100 nanoparticles in 
representative micrographs of each catalyst with the ImageJ software. 
Field emission scanning electron microscopy (FESEM) has been also 
used for this purpose using a ZEISS FESEM equipment (Merlin VP 
Compact) operating at 15 kV with a resolution of 0.8 nm. Pt content was 
determined by Inductively Coupled Plasma-Optical Emission Spectros
copy (ICP-OES) with a Perkin-Elmer Optima 4300 system. X-ray 
photoelectron spectroscopy (XPS) analysis was performed in a VG- 
Microtech Multilab 3000 spectrometer equipped with a semispherical 
electron analyzer and a Mg Kα (hν = 1253.6 eV) 300 W X-ray source. 
Binding energies were referred to the C 1s line at 284.6 eV. Pt 4f, 
characterized by two well separated spin-orbit coupling components (i. 

e., Pt 4f7/2 and Pt 4f5/2), was analyzed. The deconvolution of the spectra 
was carried out by using Gaussian functions with 20% of Lorentzian 
component. FWHM of the peaks was kept between 1.3 and 1.6 eV. A 
Shirley line was used for estimating the background signal. 

The concentration of graphene-based material dispersions was 
determined by measurement of the weight of the solid residue after 
evaporation to dryness. These data were correlated with UV–visible 
spectrophotometry (Jasco V-670 UV–Vis), measuring the absorbance at 
λ = 270 nm [49]. 

Raman spectra were collected using a Jasco NRS-5100 spectrometer 
employing a 3.9 mW solid-state laser (green) at 532 nm. The spectra 
were acquired for 120 s. The detector was a Peltier cooled charge- 
coupled device (CCD) (1024 × 255 pixels). Calibration of the spec
trometer was performed with a Si slice (521 ± 2 cm− 1). Deconvolution 
on Lorentzian curves of the G′ band was performed to estimate the 
number of layers in the graphene-based material dispersions [50,51]. 

2.4. Electrochemical characterization 

The electrochemical characterization was performed in an Autolab 
PGSTAT302 (Metrohm, Netherlands) potentiostat. A rotating ring-disk 
electrode (RRDE, Pine Research Instruments, USA) equipped with a 
glassy carbon disk electrode (5 mm diameter, 0.196 cm2) and an 
attached platinum ring, that was used as the working electrodes, 
graphite as the counter electrode and a reversible hydrogen electrode 
(RHE) immersed in the working electrolyte through a Luggin capillary as 
the reference electrode. Electrochemical characterization was per
formed at 25 ◦C in a three-electrode cell in 0.1 M KOH and 0.5 M H2SO4 
media. 

Cyclic voltammetry was employed to characterize the samples in 
both electrolytes in a N2-saturated atmosphere. For this test, 10 cycles of 
cyclic voltammetry at 50 mV s− 1 from 0 V to 1.2 V (vs RHE) were carried 
out obtaining a steady state voltammogram. The glassy carbon disk was 
modified with the samples using 120 μL of a 1 mg mL− 1 dispersion of 
each electrocatalyts in a water-based solution (20 vol% isopropanol, 
0.02 vol% Nafion® in water). Then, the catalyst loading on the glassy 
carbon electrode was 0.6 mg cm− 2 in each test. 

The ORR was studied by linear sweep voltammetry (LSV) experi

Fig. 1. Experimental scheme for the synthesis of dispersed graphene material.  

Table 1 
Synthesis conditions for graphene-based materials dispersions.  

Sample Immersion time in 
H2SO4(c) (h) 

Voltage 
(V) 

Sonication and 
centrifugation steps 

C (mg 
L− 1) 

Gr-1 0 10 1 71 
Gr-2 0 10 3 211 
Gr-3 30 10 3 278 
Gr-4 30 15 3 370 
Gr-5 50 15 3 581 
Gr-6 72 15 3 441 
Gr-7 50 15 2 410  
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ments at 5 mVs− 1 from 1.1 to 0 V (vs RHE), bubbling O2, in 0.1 M KOH 
and 0.5 M H2SO4 media at 1600 rpm. The Pt ring electrode potential was 
maintained at 1.5 V during all the measurements. The electron transfer 
number, ne− , was calculated from the current used in the hydrogen 
peroxide oxidation at the Pt ring electrode, according to the following 
equation [52]: 

ne− =
4Idisk

Idisk + Iring
/

N
(1)  

where Idisk and Iring are the currents measured at disk and ring elec
trodes, respectively, and N is the collection efficiency of the RRDE 
electrode, which in this case is 0.2534. 

In the HER experiment the LSV was conducted at a scan rate of 2 mV 
s− 1 from 0.2 V to − 0.15 V (vs RHE) bubbling N2, in 0.1 M KOH at 1600 
rpm, and 120 μg of the dispersed material was deposited on the glassy 
carbon disk. 

The amount of Pt deposited on the electrode was different depending 
on the Pt content of the catalyst measured. Then, to compare the 
different electrocatalysts, the LSV have been referred to mass of Pt, 
taking into account the amount of platinum determined by the ICP-OES 
technique. 

The stability for the ORR test was carried out through chro
noamperometric experiments with the RRDE at 1600 rpm in O2-satu
rated 0.1 M KOH solution at a constant potential of 0.5 V. After 3 h at 
0.5 V, methanol was added to the background electrolyte until 1.0 M 
concentration was reached. 

Another ORR stability test was conducted where the most promising 
graphene-based material was compared to the commercial Pt/C mate
rial. For this test 1200 cycles of cyclic voltammetry at 50 mV s− 1 from a 
potential of 1.1 V–0 V were carried out. This test was performed in an O2 
saturated 0.1 M KOH electrolyte and the electrode was kept rotating at 
1000 rpm. 

All electrochemical tests were compared with the commercial ma
terial Pt/C (20 wt%). 

3. Results and discussion 

3.1. Synthesis of graphene-based materials. Optimal synthesis conditions 

Table 1 shows the concentration of the dispersions obtained at 

different conditions. It can be observed that the highest concentration is 
reached for sample Gr-5. It is known that hydrogen sulphate ions can 
intercalate within the graphitic layers, generating its expansion and 
facilitating its subsequent cathodic exfoliation. According to Table 1, the 
optimum immersion time is 50 h; after that, using 15 V and three son
ication and centrifugation steps the highest concentration of the 
graphene-based material is obtained. 

3.2. Graphene-based material characterization 

Fig. 2 shows the TEM images of graphene-based material for Gr-4 
(Fig. 2a) and Gr-5 (Fig. 2b), which are representative of the observa
tions for these samples. The morphology of the materials corresponds to 
few-layer graphene material. The dimensions of the layers are between 1 
and 10 μm. From EDX analysis of the TEM technique, an oxygen content 
below 2 wt% and a carbon content higher than 97 wt% are measured, 
confirming the low oxidation degree of the graphene-based materials 
obtained with this method. 

The structural quality of the graphene-based material was analyzed 
by Raman spectroscopy. Fig. 3 shows the Raman spectra obtained for Gr- 
1, Gr-5 and the pristine graphite. As shown in Fig. 3, three bands can be 
distinguished in the spectra, G band at 1582 cm− 1, D band at 1350 cm− 1 

and G′ band at 2700 cm− 1. For Gr-1 and Gr-5, G band shifts to wave
numbers higher than 1582 cm− 1, which is characteristic of a graphene- 
based material. Additionally a low intensity of the D band is observed, 
which is the one produced from stacking defects [53–55]. 

These results corroborate that the cathodic expansion produces 
graphene-based materials with low presence of oxygen groups. Fig. 4 
shows the deconvolution of the G′ band using Lorentzian curves. 
Deconvolution for sample Gr-5 using six Lorentzian curves suggests the 
presence of 3 layers graphene material (Fig. 4a); in the case of sample 
Gr-1 the deconvolution shows four curves, which can be attributed to 2 
layers graphene (Fig. 4b). The higher number of layers in the Gr-5 
sample compared to Gr-1 may be due to the higher final concentration 
of this sample, resulting in a greater agglomeration. However, the ma
terial obtained in all samples is still few-layer graphene (less than 5 
layers). The deconvolution for pristine graphite in two Lorentzian curves 
is characteristic for graphite (Fig. 4c) [50,51]. Thus, it can be concluded 
that the number of predominant layers in the synthesized materials is 2 
or 3 layers, which corroborates that our material is a few layers gra
phene material. 

Fig. 2. TEM images a) Gr-4 b) Gr-5.  
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Fig. 3. Raman spectroscopy of graphene-based materials obtained by electrochemical methods.  

Fig. 4. Deconvolution of G′ band using Lorentzian curves a) Gr-5 b) Gr-1 c) Graphite.  
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3.3. Pt/graphene-based materials characterization 

Figs. S1 and S2 show the micrographs obtained by TEM and FESEM 
of the graphene-based material obtained after Pt incorporation in the 
initial immersion step and during the electrochemical expansion step. 
The incorporation of Pt during the H2SO4 immersion step produces a 
poor distribution of the Pt nanoparticles and the amount of Pt was much 
lower than the expected 10 wt%, since after the initial stage, washing 
steps were performed that removed most of the incorporated platinum, 
leaving only a very low amount in the final graphene-based material 
(Figs. S1a and S2c and Table 2). The incorporation of Pt during the 
electrochemical exfoliation step resulted in the sintering of the platinum 
particles as consequence of the high voltage, generating agglomerates of 
considerable size, around 100 nm, (Figs. S1b and S2d). In addition, this 
synthesis procedure generates that the platinum precursor reduces 
during the electrochemical treatment and the nanoparticles of Pt re
mains on the graphite sheet avoiding subsequent exfoliation during the 
sonication step. Then, the amount of Pt incorporated on the graphene- 
based materials was much higher than 10 wt%, as shown in the XPS 
and ICP-OES results (Table 2). 

Fig. 5 shows the TEM images of Pt/Graphene materials prepared by 
stirring method and the Pt nanoparticles size distribution. It can be 
observed that the incorporation of Pt in the graphene-based material 
dispersions just by stirring and in presence of NaBH4 (Gr-5/Pt–S-R), 
produced better Pt distribution than the incorporation during the elec
trochemical exfoliation and during the initial immersion; in this case, Pt 
nanoparticles of around 5 nm are formed (Fig. 5a and b and S2b). 
However, the stirring with reducing agent involves a significant number 
of steps that makes the process time consuming, and additionally, the 
distribution generated is not still the best, since there are regions of 
agglomerated nanoparticles. Thus, the method was modified by incor
poration of the platinum precursor to the graphene-based material 
dispersion by stirring for 3 h, with a sonication stage for 1 h and without 
the addition of reducing agent. In this case (Gr-5/Pt–S), the average 
particle size obtained was around 1 nm, and the nanoparticle distribu
tion was very good, thus avoiding the agglomeration of nanoparticles 
(Fig. 5c and d). Fig. S3 shows the Raman spectra obtained for Gr-5/Pt-E, 
Gr-5/Pt–S, and Gr-5/Pt–S-R. These results show that the presence of 
platinum does not produce a significant modification of the spectra 
compared to the pristine graphene-based material (Fig. 3). Thus, it can 
be concluded that the structure of the graphene-based material remains 
almost unchanged despite the incorporation of platinum. 

Fig. 6 shows the XPS spectra of Pt 4f for the Pt/Graphene-based 
materials. It is observed that Pt0 is the main species detected at bind
ing energies of 71.3 and 74.6 eV for Pt 4f7/2 and 4f5/2, respectively [54, 
56]; a small amount of Pt(II) is also detected being the ratio of both 
species of 80/20 (Table 2). It must be noted that this ratio is also ob
tained for Gr-5/Pt–S sample in which no NaBH4 is used for the synthesis. 
This effect can be attributed to some platinum species reduction by 
sonolysis that occurs during the ultrasound stage of the synthesis [57]. 
Fig. S4 shows the XPS spectra of the platinum-containing graphe
ne-based samples obtained with and without sonication to study the 
effect of the sonication stage in the reduction of the platinum species. 
The sample prepared without the sonication stage in the platinum 
incorporation will be referred to as Gr-5/Pt-S-NS. As we can observe, the 

sonication step produces a greater reduction of the platinum species and 
in the sample Gr-5/Pt-S-NS only a partial reduction of Pt+4 to Pt+2 

species occurs. However, the partial reduction of platinum in the sample 
without the sonication step suggests the contribution of the graphene 
material in the reduction process, in agreement with previous studies 
that have demonstrated the effect of the carbon material in the spon
taneous reduction of metal ions [58–60]. Then, it can be concluded that 
the carbon material itself facilitates the reduction of the Pt precursor. 

To confirm the amount of platinum loaded, ICP-OES was performed. 
Table 2 shows the summary of characterization of the different Pt/ 
Graphene-based catalyst by XPS and ICP-OES. The results showed that 
a 10 wt% of Pt was incorporated for Gr-5/Pt–S. The incorporation by 
stirring was studied and the addition to the dispersion of 11 wt% of Pt 
resulted in the incorporation of the desired 10 wt%, obtaining a loading 
efficiency of 91%. For the other samples, the amount of platinum 
incorporated was not the desired; in the case of Gr-5/Pt–I it was less than 
0.5 wt%, for Gr-5/Pt-E the incorporation exceeded 60 wt%, and for Gr- 
5/Pt–S-R it was approximately 27 wt%. The higher amount of Pt ob
tained in this catalyst is attributed to the subsequent stages applied in 
the NaBH4 addition process, which included a centrifugation step, that 
eliminates graphene material and increases the platinum ratio. These 
results show the difficulty in controlling the amount of platinum and 
that the incorporation of Pt in these steps is not adequate. However, the 
simple incorporation of the Pt precursor in the colloidal graphene-based 
material, without the addition of NaBH4, results in an efficient incor
poration of Pt nanoparticles with the desired amount, showing that the 
graphene-based material acts as support for Pt nanoparticles and, on the 
other hand, as an efficient physical barrier to prevent platinum nano
particle aggregation. Probably, graphene layers can cover the Pt nano
particles preventing the agglomeration. Then, graphene layers could 
inhibit nanoparticle aggregation by self-assembling onto graphene 
nanosheets and forming a two-dimensional (2D) layered nanocomposite 
[61]. 

3.4. Electrochemical characterization 

Figs. S5 and S6 shows the voltammograms for different electro
catalysts in alkaline and acid medium, respectively. It can be seen that 
the characteristic voltametric profile of Pt is clearly observed for Gr-5/ 
Pt–S and the commercial Pt/C catalysts, which confirms the correct 
incorporation of Pt on the surface of the carbon materials. In the case of 
the Gr-5/Pt–S-R, these processes are less pronounced, possibly due to a 
poorer distribution of the Pt nanoparticles on the surface of the graphene 
material. The electrical charge integrated under the so-called hydrogen 
desorption peak in the potential range between 0.05 and 0.4 V can be 
used (after double layer correction) to determine the electrochemical 
surface area (ECSA) of Pt considering 210 μC cm− 2 as the reference value 
for the adsorption of one-electron process per surface Pt atom. Table 3 
includes the values of ECSA for the Pt supported on the graphene-based 
materials and the commercial catalyst (expressed per gram of Pt). It can 
be observed that the electrochemical surface area value for the Gr-5/ 
Pt–S catalyst is similar to the Pt/C commercial electrocatalyst, whereas 
the value for Gr-5/Pt–S-R material is much lower, what is in agreement 
with the TEM observations. 

3.4.1. Electrochemical activity towards oxygen reduction reaction (ORR) 
The electrochemical activity of the different electrocatalysts was 

evaluated employing a RRDE in 0.1 M KOH and 0.5 M H2SO4 solutions. 
Fig. 7 shows the results for the graphene-based electrocatalysts in 
alkaline and acid media. Fig. 7a shows the LSV curves for alkaline me
dium in which the material with the highest electrocatalytic activity is 
the one obtained by incorporating Pt during stirring and without 
reducing agent (Gr-5/Pt–S). The onset potential for this electrocatalyst 
measured at − 0.1 mA cm− 2 and the half-wave potential are very close to 
that of the commercial Pt/C catalyst (Table 3), and it also achieves a 
limiting current density like the commercial one but using only half of 

Table 2 
Pt content in Pt/Graphene-based catalysts by XPS and ICP-OES.  

Catalyst Pt (wt%) 
(XPS) 

%Pt(0) 
(XPS) 

% Pt(II) 
(XPS) 

Pt (wt%) (ICP- 
OES) 

Gr-5/Pt–I 0.8 71.4 28.6 0.29 
Gr-5/Pt-E 64.8 72.2 27.8 60.3 
Gr-5/Pt–S 12.9 82.1 17.9 10.6 
Gr-5/Pt–S- 

R 
20.5 78.8 21.2 27.0 

Pt/C 21.8 70.4 29.6 21.5  
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weight of platinum. The reason why Gr-5/Pt–S catalyst is much more 
active despite having a lower metal content than the commercial ma
terial is attributed to a synergistic effect between the graphene-based 
material and the Pt that generates an excellent distribution of the Pt 
nanoparticles with a particle size of around 1 nm. The catalytic activity 
for this sample is much higher than for Gr-5/Pt–S-R sample, that has a 
much higher platinum content, what is in agreement with the larger the 
particle size and worse distribution of Pt nanoparticles in this catalyst. In 
addition, the carbon material support is a few-layer graphene material 
with a low degree of oxidation which favors a high electrical 
conductivity. 

It is also worth noting the clear tendency of the different electro
catalysts to follow the 4-electron pathway (Fig. 7b), which is the most 
energetically efficient and the desired pathway in this reaction. 

To analyze the effect of sonication in ORR activity, the sample 
without NaBH4 reduction and without sonication treatment has been 
studied (Gr-5/Pt-S-NS). The LSV curve for Gr-5/Pt-S-NS catalyst has 
been added in Fig. 7a and b. As can be observed, this sample shows a 
significant decrease in catalytic activity in comparison to Gr-5/Pt–S 

sample, with a worse onset potential, limiting current and number of 
electrons transferred. This indicates that the sonication step is necessary 
to obtain a good electrocatalyst probably as consequence of the larger 
amount of reduced platinum and the better distribution achieved in the 
platinum nanoparticles. 

Fig. 7c also shows a very good performance for Gr-5/Pt–S for ORR in 
acid medium, showing an onset potential, a limiting current density 
close to the commercial Pt/C material and a high selectivity to the 4- 
electron pathway (Table 3). The ring current obtained from the LSV in 
Fig. 7 is represented in Fig. S7. 

Fig. 8 shows the LSV for the electrocatalysts studied in the ORR 
comparing the mass-specific activity, taking into account the amount of 
platinum in each electrocatalyst as determined by the ICP-OES 
technique. 

From these results, it can be concluded that the graphene-based 
material with Pt nanoparticles incorporated by stirring (Gr-5/Pt–S) 
and without using reducing agent shows a good electrocatalytic per
formance, which makes it a promising alternative to the Pt/C commer
cial material for the ORR in alkaline and acid media. It must be 

Fig. 5. TEM images of Pt nanoparticles supported on graphene-based material by stirring method a) with NaBH4 (Gr-5/Pt–S-R) c) without NaBH4 (Gr-5/Pt–S) and 
histogram of particle size distribution of Pt b) Gr-5/Pt–S-R and d) Gr-5/Pt–S samples. 
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emphasized that the synthesis does not use any protecting agent to 
achieve a low Pt particle size, and that the graphene-based material itself 
acts as reducing agent and prevents Pt nanoparticle from sintering. 

The Tafel slopes of all catalysts listed in Table 3 were determined 
from Tafel plots (see Figs. S8a and b). It can be observed that Tafel slopes 
for all platinum-based electrocatalysts in alkaline and acid medium are 
close to that of the commercial Pt/C sample (61 mV dec− 1 and 82 mV 
dec− 1, respectively), which indicates that the ORR kinetics are similar 
for all Pt-based electrocatalysts. 

The stability of the most promising sample was tested by a chro
noamperometric technique, and the results are shown in Fig. 9. The 
experiment was performed in an RRDE at 1600 rpm in O2-saturated 0.1 
M KOH electrolyte and at a constant potential of 0.5 V, where the limited 
current is reached [62]. The commercial Pt/C sample was tested under 
the same experimental conditions to compare the stability of the syn
thesized material. After about 3 h at 0.5 V, methanol was added to the 
working electrolyte until a concentration of 1.0 M was reached. As ex
pected, the Pt-based catalyst maintains almost 95% of the initial current 
after around 170 min. However, after the addition of methanol to the 
working electrolyte, the current suddenly drops to zero because the 
active metal is poisoned by CO from the decomposition/oxidation of 
methanol. The activity of the graphene-based material Gr-5/Pt–S shows 
a slow decay that tends to stabilize at around 120–170 min. After the 
addition of methanol, the graphene-based catalyst shows a high toler
ance to poisoning, what is quite remarkable since the active phase of the 
material is Pt; nevertheless, it seems that thanks to the graphene acting 
as a protective agent for CO poisoning, probably because the graphene 

layers cover the platinum surface and facilitates the electron transfer 
[63], total poisoning is avoided and only a small current drop of about 
9% is recorded at the end of the experiment. From the results of this test, 
it can be concluded that the graphene-based material shows good elec
trocatalytic performance which makes it a promising alternative and 
shows excellent behavior against CO poisoning. 

The results for the second durability test are shown in Fig. S9, the 
voltammograms obtained after the 1200 cycles of cyclic voltammetry at 
50 mV s− 1 from a potential of 0 V–1.1 V in O2 saturated atmosphere by 
bubbling and the electrode was kept rotating at 1000 rpm; this test was 
performed in 0.1 M KOH. As can be seen in both catalysts there is a 
significant decrease in the intensity, although the commercial material 
retains the voltametric profile of a Pt electrode, while in the graphene- 
based material, these voltametric profiles are no longer appreciated. 

3.4.2. Electrochemical activity towards hydrogen evolution reaction (HER) 
Fig. 10 shows that sample Gr-5/Pt–S has a very good performance for 

HER. In this experiment, the LSV was conducted at a scan rate of 2 mV 
s− 1 from 0.2 V to − 0.15 V (vs RHE), to prevent the production of 
hydrogen in large quantities and avoid the material dropping; this 
experiment was carried out in 0.1 M KOH. Excellent results were ob
tained, in which a current of 9.7 mA cm− 2 is reached at − 0.15 V versus 
6.9 mA cm− 2 for the Pt/C-Commercial material, showing a superior 
performance but using only half of weight of platinum. In addition, the 
reaction onset potential shows a value close to 0 V, which is the optimal 
for the electrocatalysts of HER. 

To compare the stability of the samples against the HER, a cyclic 
voltammetry test of 500 cycles with a scan rate of 100 mV s− 1, in a range 
of potentials between 0.1 and − 0.1 V, a region where the hydrogen 
production occurs for these materials [64], was performed in rotation at 
1600 rpm to eliminate the H2 bubbles produced and was done in 0.1 M 
KOH saturated with N2. After cycling, LSV was measured and compared 
to the initial LSV. Fig. S10 shows the first and last voltammograms for 
the Gr-5/Pt–S catalyst. As can be seen, there is a small decrease in ac
tivity with the cycles; however, after the test the catalyst is still very 
active towards this reaction. As shown in Fig. 11, Gr-5/Pt–S and 
Pt/C-Commercial materials show a decrease in activity; however, it is 
noteworthy that the Pt/graphene-based still has higher current than the 
commercial material (9.33 mA cm− 2 is reached at − 0.15 V versus 6.5 
mA cm− 2 for the Pt/C-Commercial material), and the decrease in ac
tivity for this catalyst compared to the initial test is 3.8% whereas that of 
the commercial material is 5.8%. Thus, it can be concluded the excellent 
performance of the Gr-5/Pt–S synthesized sample towards the HER, 
outperforming the Pt/C commercial material despite using half of the 
metal loading. The results support the critical role of the Pt nano
particles distribution and size in the catalysis of hydrogen evolution. 

Fig. 6. XPS spectra of Pt 4f for the different electrocatalysts.  

Table 3 
Electrochemical parameters obtained from LSV curves to the ORR in alkaline and acid medium. The limit current density and the electron transfer number have been 
determined at 0.4 V.  

Alkaline medium 

Catalyst E (Onset) (V) 
(at − 0.1 mA cm− 2) 

j (mA cm− 2) 
(at 0.4V) 

j (A g− 1
Pt ) 

(at 0.4V) 
ne (0.4V) ECSA (m2 g-1Pt) Half-wave potential (V) Tafel slope (mV dec− 1) 

Gr-5 0.70 1.5 – 2.5 – 0.59 109 
Gr-5/Pt–S 0.98 5.7 94 4 30 0.81 61 
Gr-5/Pt–S-R 0.88 4.0 20 3.7 5 0.73 60 
Pt/C 0.99 5.7 51 4 37 0.87 61 

Acid Medium 

Gr-5 – 0.2 – 3.1 – 0.27 – 
Gr-5/Pt–S 0.96 4.5 73 4 32 0.78 75 
Gr-5/Pt–S-R 0.93 3.2 17 3.9 12 0.76 76 
Pt/C 0.98 5 40 4 36 0.85 82  
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Fig. 7. Linear sweep voltammograms obtained with the rotating disc electrode for the graphene-based samples in a) 0.1 M KOH, c) 0.5 M H2SO4. Saturated with O2 
at 1600 rpm. V = 5 mV s− 1. Electron transfer number in b) 0.1 M KOH, d) 0.5 M H2SO4. 

Fig. 8. LSV referred to mass-specific activity of the different electrocatalysts obtained in a) 0.1 M KOH, b) 0.5 M H2SO4. saturated with O2 at 1600 rpm. V = 5 
mV s− 1. 
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4. Conclusions 

Graphene-based materials were synthesized by electrochemical 
exfoliation method (cathodic expansion), obtaining few layer graphene 
dispersions with a low oxidation degree with an oxygen content of less 
than 2%. The optimal experimental conditions were established to 
obtain the highest concentration of few layers graphene material 
without altering the properties of the graphene-based materials, being 
these conditions 50 h in the initial immersion in concentrated sulfuric 
acid, 15 V in the cathodic expansion stage, and 3 times of sonication and 
centrifugation step. For the synthesis of the Pt electrocatalysts for ORR 
and HER, the study of the incorporation of platinum was done in each of 
the steps of the graphene-based material synthesis. The incorporation of 
platinum in the graphene-based material dispersion with stirring for 3 h 
and sonication for 1 h, without using any reducing and protecting agents 
to avoid sintering of nanoparticles, produced a 10 wt% Pt catalyst with 
an average particle size of about 1 nm and with an excellent distribution 
on the graphene-based material support. The easiness of the synthesis is 
determined by the presence of the graphene-based material that acts as 

both reducing and protecting agent against platinum nanoparticle 
sintering. 

Finally, this electrocatalyst has an excellent behavior in both acid 
and alkaline medium, with high onset potential (0.98 vs 0.99 V in 
alkaline medium), high half-wave potential (0.81 vs 0.87 V in alkaline 
medium) and excellent current density for both ORR and HER, which 
has a similar performance to the commercial Pt/C material that contains 
a 20 wt% of Pt and when compared in mass-specific activity significantly 
outperforms it. Furthermore, it is noteworthy that the catalysts presents 
high methanol resistance to CO poisoning, what can be attributed to the 
protective action of the graphene layers that may cover the Pt surface 
avoiding poisoning. 
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Fig. 9. Comparative stability test for Gr-5/Pt–S and Pt/C-commercial accom
plished at 0.5 V and 1600 rpm in O2-saturated 0.1 M KOH and 25 ◦C. Methanol 
was added 170 min after the beginning of the experiment. 

Fig. 10. Linear sweep voltammograms for Gr-5/Pt–S and Pt/C-Commercial for 
HER, in 0.1 M KOH saturated with N2. Scan rate of 2 mV s− 1 from 0.2 V to 
− 0.15 V (vs RHE). 

Fig. 11. Linear sweep voltammograms after the 500 cycles for Gr-5/Pt–S and 
Pt/C-Commercial for HER, in 0.1 M KOH saturated with N2. Scan rate of 2 mV 
s− 1 from 0.2 V to − 0.15 V (vs RHE). 
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